We propose and experimentally demonstrate an ultra-compact silicon photonic crystal nanobeam (PCN) cavity with an energy-efficient graphene micro-heater. Owing to the PCN cavity with an ultra-small optical mode volume of 0.145 µm 3 , the light-matter interaction is greatly enhanced and the thermo-optic (TO) tuning efficiency is increased. The TO tuning efficiency is measured to be as high as 1.5 nm/mW, which can be further increased to 3.75 nm/mW based on numerical simulations with an optimized structure. The time constants with a rise time constant of τ rise = 1.11 μs and a fall time constant of τ fall = 1.47 μs are obtained in the experiment.
Introduction
Silicon photonics is considered as an ideal platform for on-chip integration, owing to the advantages of compact footprint, low power consumption, and compatibility with complementary metal-oxide-semiconductor (CMOS) processes [1] . To date, various integrated optical devices based on silicon photonics have been demonstrated, such as optical filters [2] , photodetectors [3] , electro-optical modulators [4] , and electro-optical switches [5] . By incorporating these silicon photonic devices, versatile and reconfigurable photonic networks can be realized. In these photonic networks, thermal tuning is often applied with metal heaters, commonly made of Titanium, on top of the silicon waveguides by using the relatively high thermo-optic (TO) coefficient of silicon (~1.84 × 10 −4 /K) [6] . To avoid the metal absorption, a thick SiO 2 layer is usually introduced between the silicon layer and the metal heater layer. Since the SiO 2 layer has a poor heat conductivity, it reduces the heating efficiency and slows down the tuning speed. In order to enhance the heating efficiency, freestanding silicon racetrack resonators and waveguides of different doping levels have been demonstrated with high tuning efficiencies [7, 8] . However, mechanical instability, slow heating speed, and complicated fabrication processes are issues that remain to be solved.
Graphene, a single sheet of carbon atoms in a hexagonal lattice, has generated tremendous interests due to its attractive properties [9, 10] , such as high carrier mobility of ~200,000 cm 2 v -1 s -1 at room temperature [11] , ultra-broad absorption bandwidth, and tunable Fermi level [12] . Thus, graphene has been incorporated to implement novel optoelectronic devices such as ultrafast optical modulators [13] , ultra-broadband photodetectors [14] , and ultrasensitive optical sensors [15] . Specifically, monolayer graphene has a low optical absorption of ~2.3% for vertically incident light [13] , so it can directly contact with the silicon waveguides. Graphene also has a high thermal conductivity of up to 5,300 W/m · K [16] , which is ~300 times higher than that of Titanium [17] . With these unique properties, graphene is considered as an excellent material for transparent micro-heaters integrated on optical devices.
Some silicon photonic devices with graphene micro-heaters have been reported, including silicon micro-ring resonators [18, 19] and micro-disc resonators [20] . However, the TO tuning efficiencies of these devices were limited due to the insufficient light-matter interactions. Recently, a high-efficiency graphene micro-heater on a slow-light silicon photonic crystal waveguide was demonstrated [21] . With the help of the slow-light effect, the TO tuning efficiency of this device was increased to 1.07 nm/mW. Based on these reported results, one can find that the tuning efficiency can be increased by enhancing the light-matter interaction, which can be achieved through shrinking the mode volume of the device. If the mode volume is decreased, the heated volume, needing to cover the mode volume for the effective TO tuning, is also reduced and thus the heating efficiency is increased.
In this paper, we propose and demonstrate a silicon photonic crystal nanobeam (PCN) cavity with an energy-efficient graphene micro-heater. Since the PCN cavity can achieve an ultra-small mode volume of 0.145 µm 3 , the light-matter interaction is highly enhanced. The tuning efficiency is as high as 1.5 nm/mW, which can be potentially increased to 3.75 nm/mW based on simulations with an optimized structure. The tuning efficiency in the experiment is primarily limited by the heating power loss at the graphene sheet for electrical connections. The time constants with a rise time constant of τ rise = 1.11 μs and a fall time constant of τ fall = 1.47 μs are obtained. The structure of the device is shown in Fig. 1(a) , which includes a silicon PCN cavity sidecoupled to a bus waveguide with a graphene sheet on top. The nanobeam waveguide etched with an array of air-holes forms a Fabry-Perot (F-P) cavity, consisting of a central-taper section and two side-reflector sections. The taper section with 11 holes is designed to reduce scattering loss and avoid the phase mismatch between the photonic crystal fundamental Bloch mode and the waveguide mode. The reflectors with 18 holes serve as two symmetrical mirrors to guarantee that the light is highly reflected within the communication band. As shown in Fig. 1(b) , the reflector sections with a 0 = 405 nm and r 0 = 113 nm are tapered down along six holes symmetrically around the center to a 1 = 309 nm and r 1 = 86 nm. The gap between the PCN waveguide and the bus waveguide is 70 nm. Based on these parameters, a finite-difference-time-domain (FDTD) simulation is performed to obtain the electric field distribution of the PCN cavity at the resonance wavelength. As shown in Fig. 1(c) , the light power is tightly concentrated in a volume of 0.145 µm 3 and the effective length for the thermal tuning is only ~1.8 µm. The graphene micro-heater is placed on top of the PCN cavity while the length and the width of the graphene micro-heater are denoted as L g and W g , respectively. As shown in the cross-sectional diagram of the device [ Fig. 1(d) ], the graphene micro-heater has three parts with lengths of L c1 , w, and L c2 , respectively. Here w denotes the length of graphene on top of the nanobeam cavity which is the same as the width of the nanobeam waveguide of ~0.5 µm. L c1 and L c2 are the lengths of the graphene for the electrical connections. Note that, the graphene micro-heater is suspended over the trenches and can be easily broken in the fabrication processes if L c1 < 2 µm or L c2 < 2.5 µm. Since L c1 and L c2 should be as short as possible to reduce the extra heating power loss in the electrical connections, L c1 = 2 µm and L c2 = 2.5 µm are chosen in the experiments. Thus, the length of the graphene micro-heater (L g ) can be calculated as L g = w + L c1 + L c2 = 5 µm. As the heated volume needs to cover the mode volume of the PCN cavity, the width of the graphene microheater (W g ) should be wider than 1.8 µm. Furthermore, W g has a strong effect on the extinction ratio (ER) of the transmission spectrum due to the graphene absorption. In order to obtain good optical performances, W g is set to 1.8 µm. The equivalent circuit of the proposed structure is depicted in Fig. 1(e) . The total resistance (R) includes two parts, i.e., the resistance of the two Au electrode/graphene contacts (R 1 + R 3 ) and the resistance of the graphene micro-heater (R 2 ). The device was fabricated on a silicon-on-insulator (SOI) wafer with a 220-nm-thick top silicon layer. The PCN cavity was defined by the processes of electron beam lithography (EBL) and inductive coupling plasma (ICP) etching. Then 10 nm/100 nm Ti/Au electrodes on the silicon layer were deposited through EBL and lift-off processes. Monolayer graphene grown by chemical vapor deposition (CVD) was wet-transferred on top of the whole SOI wafer. The graphene layer was patterned by EBL and oxygen plasma etching processes. The scanning electron microscope (SEM) image of the device is shown in Fig. 2(a) . The zoom-in view of the PCN cavity with the graphene micro-heater is provided in Fig. 2(b) . Here the polymethyl methacrylate (PMMA) used for graphene patterning was not removed to prevent the graphene from damage. The low thermal conductivity (~0.19 W/m · K) of the PMMA would not introduce obvious influence on the thermal behaviors of the device [20] . The measured Raman spectrum of the transferred graphene is presented in Fig. 2(c) , G peak and 2D peak lie at 1582 cm −1 and 2691 cm −1 , respectively. The existence of the D peak at 1350 cm −1 suggests the presence of defects during the wet-transfer process. Figure 3 (a) depicts the transmission spectra for the device without graphene (solid line) and with graphene (dash line). The ER of the transmission spectrum for the device without the graphene is ~25 dB. After transferring the graphene sheet onto the PCN cavity, the bandwidth increases and the ER decreases to 8 dB due to the absorption of the graphene sheet. The transmission spectra of the device at different heating powers are provided in Fig.  3(b) . When the heating power is 1.76 mW with a bias voltage of 8 V, the resonance wavelength shows a red shift of 2.64 nm. Figure 3(c) describes the resonance wavelength shift as a function of the heating power, and the TO tuning efficiency (η) is calculated to be 1.5 nm/mW. In the experiment, grating couplers were used to couple light into and out of the chip with single mode fibers. For the device without graphene, the input and output powers are 6 dBm and −7 dBm, respectively. The total loss of the device is 13 dB, including the coupling loss of the grating couplers (~13 dB) and negligible insertion loss of the PCN cavity. After transferring the graphene, the insertion loss of the device increases to 2 dB due to the graphene absorption. The total resistance of our device is calculated by R = U/I, where R, U and I are the total resistance of the device, the bias voltage and the output current, respectively. According to the equation, we calculated the total resistance R = 8 V/0.22 mA = 36 kΩ, including the resistance of the two Au electrode/graphene contacts (R 1 + R 3 = 4 kΩ) and the resistance of the graphene micro-heater (R 2 = 32 kΩ). In the device, the resistance of the graphene micro-heater can be calculated as R 2 = R s × L g /W g = 2.78 kΩ where R s = 1 kΩ/sq is the sheet resistance of the graphene sample, L g = 5 µm and W g = 1.8 µm are the length and the width of the graphene, respectively. Note that the measured resistance of the graphene micro-heater (~32 kΩ) is higher than that of the theoretical calculation (~2.78 kΩ). It can be attributed to cracks and wrinkles of the graphene sheet, which were observed by an optical microscope if the graphene sheet was transferred onto a SiO 2 (285 nm) wafer through the same transfer process. By improving the wet-transfer process of the graphene, the graphene sheet quality can be optimized. The contact resistance (~4 kΩ) is also higher than that in [19] [20] [21] which might be attributed to the poor wettability between Au electrodes and the graphene [22] . One can reduce the contact resistance by using a lower wettability metal (Pd) as the metal electrode, thus concentrating more heat power into the PCN cavity subsequently leading to a higher TO tuning efficiency. The response time of the PCN cavity is also evaluated, which is an important parameter for TO tuning devices. A square-waveform electrical signal is applied to the graphene microheater with a probe wavelength fixed at 1557.55 nm. The peak-to-peak voltage and the frequency of the driving signal are set to 3 V and 50 kHz, respectively. The modulated light is detected by an optical receiver whose electrical output is sent to an oscilloscope. Owing to the relatively flat notch of the transmission spectra of the PCN cavity [see Fig. 3(b) ], the output signal is distorted under the low bias voltage as shown in Figs. 3(d) and 3(e) . Although the distorted region is a small part of the temporal response signal, the 10%-90% rule is not suitable for our device to extract the intrinsic alternating current (AC) properties of the graphene/waveguide heating process [21] . Instead, time constants are used while the distorted region is excluded in the fitting process to obtain accurate time constants. Thus the time constants are estimated to be τ rise = 1.11 μs and τ fall = 1.47 μs by fitting the rise and fall edges of the waveform with exponential decay functions of 1-exp(-t/τ rise ) and exp(-t/τ fall ) [23] , which are much faster than those of metal heaters [24] . Such fast response times originate from the excellent thermal conductivity of the graphene.
Device fabrication and measured results

Discussion
In order to clarify the influence of the graphene on the transmission spectra of the device, the cross-section electric-field distribution in the PCN cavity at the black dashed-line position in Fig. 1(a) is simulated by using the commercial software COMSOL. In the simulation, the refractive index and the thickness of PMMA are set to 1.49 and 200 nm, respectively. As depicted in Fig. 4(a) , the real and imaginary parts of the effective modal index (n eff ) are 2.411 and 0.003059 for the 500 × 220 nm 2 single-mode silicon waveguide with the PMMA-covered graphene, respectively. The field distribution of the waveguide without the graphene is also investigated [see Fig. 4(b) ] where n eff is equal to 2.39. One can find that the real and the imaginary parts of n eff both increase by introducing PMMA-covered graphene. Since the resonance wavelength is determined by the real part of n eff , the resonance shift can thus be observed in the experiment [25] . Moreover, the quality factor and the ER of the PCN cavity both decrease due to the increased loss in the cavity which is determined by the imaginary part of n eff [25] . Note that, the reduced quality factor and ER can be improved by reducing the loss in the cavity through using the p-doped graphene [26] or tuning the Fermi level of the graphene [13] . To analyze and further increase the TO tuning efficiency of the fabricated device, 3D finite element method (FEM) simulations are performed to study the temperature distribution of the device in the heating process. In the simulations, the thermal conductivities of the graphene, the silicon, and the silica are set to ~2,000 W/m · K, ~80 W/m · K, and ~1.38 W/m · K, respectively [20] . The heat convection coefficient of air is set to ~5 W/m 2 · K. And the thickness of the graphene is chosen as 0.5 nm. Figure 5 (a) depicts the temperature distribution in the silicon nanobeam cavity when the heating power is 2 mW. The thermal distribution of xy cross section of the device is shown in Fig. 5(b) . The temperature of the silicon in the PCN cavity increases from 300 K to 360 K. Note that, the length of the graphene micro-heater (L g = 5 µm) is much longer than the width of the nanobeam waveguide (w = 0.5 µm) and part of the heating energy is lost in the electrical connections as shown in Fig. 5(a) . Thus the TO tuning efficiency can be increased if the length of the electrical connections, denoted as L c1 and L c2 , are decreased. One can shorten them after filling the gap and trenches [see Fig. 1(d) ] with SiO 2 and polishing the device with chemical mechanical polishing (CMP) process [14] . Based on the analysis, an optimized structure is proposed in Fig. 5(c) . As the minimum distance between the metal electrode and the waveguide is 0.5 µm to minimize the optical absorption effect [13] , L c1 and L c2 are set to 0.5 µm and 1 µm, respectively. Then the length of the graphene micro-heater decreases from 5 µm to 2 µm. Simulations are performed to study the thermal distribution of xy cross section of the optimized structure. When the heating power is 2 mW, the temperature of the silicon in the PCN cavity increases from 300 K to 452 K as shown in Fig. 5(d) . The TO tuning efficiency can be expressed as η = Δλ/P = Δλ/ΔT × ΔT/P, where Δλ, P, and ΔT are the resonance wavelength shift, the heating power and the temperature variation in the PCN cavity, respectively. In the fabricated device and the optimized structure, the parameters for the PCN cavities are the same and thus Δλ/ΔT keeps almost unchanged. Note that, ΔT/P in the optimized structure is 2.5 times higher than that in the fabricated device based on the FEM simulation results. Then the tuning efficiency η, proportional to ΔT/P, is expected to increase to 3.75 nm/mW for the optimized structure. Moreover, the TO tuning efficiency can also be significantly increased by using free-standing structures [7, 27] . 
Summary
In summary, an ultra-compact tunable silicon PCN cavity with an energy-efficient graphene micro-heater is proposed and experimentally demonstrated. Owing to the ultra-compact device footprint and strong confinement of light within a small mode volume of the PCN cavity, the light-matter interaction is highly enhanced. In the experiment, the TO tuning efficiency is measured to be 1.5 nm/mW. The time constants with a rise time constant of τ rise = 1.11 μs and a fall time constant of τ fall = 1.47 μs are obtained. Furthermore, the TO tuning efficiency can be increased to 3.75 nm/mW in an optimized structure by reducing the length of the electrical connections of the graphene micro-heater. The proposed device has a high TO tuning efficiency and a fast response time, which could be a functional component for reconfigurable photonic networks. 
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